This paper presents a description of the numerical model, and also the results of an element of a thermoelectric generating battery modeling using the ANSYS Mechanical package of the finite element analysis. To simplify the model, from the initial geometry consisting of 600 elements, only one segment was separated, containing a single junction of dissimilar semiconductor elements. The simulation was performed in a stationary formulation with the assignment of temperature dependences for the main physical properties of the used materials. Using the obtained numerical model, the dependence of the sampling efficiency on the resistance of the external load connected to the thermoelectric element was investigated. For the analysis of various variants of heat exchange systems, an analysis of the temperature gradient between the "cold" and "hot" junctions of semiconductor elements was performed. According to the obtained results, response surfaces were formed, allowing to specify the predicted efficiency at given temperature ranges. In addition, the analysis of changes in the characteristics of a thermoelectric element with different thermal conductivity properties of adhesive layers in contact with a ceramic battery cell was also described. When planning an experiment for each adhesive layer, its thermal conductivity was changed in the established range, and heat fluxes on the cooled and heated surface of the element were used as the main controlled parameters.
INTRODUCTION
Modern approaches in materials science made it possible to produce thermoelectric generators (TEG). Such devices have their unique advantages over other types of mechanisms, which generate electricity. Their exclusive qualities include high reliability, durability, compact size, ecological efficiency, and the absence of vibrations, as well as operating in a wide range of temperatures. The principle of TEG operation is based on the 'Seebeck effect', which allows converting thermal energy into electrical energy. The significant amount of the research aimed at the development and improvement of the above generators have been conducted, however, thermoelectric technologies still have a long development path to a wide practical application [1] [2] [3] . The numerical method or the finite element analysis is one of the means that is widely used in the design and optimization of TEG in the early stages of the production process. They made it possible to quickly get the practical results in order to develop an optimized prototype of the product prior to conducting the full-scale tests. Several studies have described the experience of the successful appliance of finite element analysis for designing prototypes of thermoelectric devices [4, 5] .
In their work, Chen et al. presented the numerical analysis of a solar thermoelectric generator. As a result, it was recognized that thermal resistance is one of the main factors in optimizing the performance of TEG. The results of Kossivakis et al. confirm the efficiency of using the finite element method for analyzing commercially available generator samples.
This paper presents the results of numerical modeling of a TEG battery cell using the commercial ANSYS software package, and, in particular, the Mechanical and DesignXplorer modules.
DESCRIPTION OF THE MATHEMATICAL MODEL
The governing equations [6] [7] [8] for describing the behavior of a thermoelectric material are determined by the pair of equations of heat conduction and the continuity equations of the current density:
Whereas: "ρ" is the density, "c" is the heat capacity, "T" is the temperature, "t" is the time, "q" is the heat flux, "Q" is the internal heat generation, "ε" is the dielectric constant, "E" is the electric field, "j" is the density of the electric current. The current density generated by the coupling of the reversible Seebeck effect and the irreversible Joule-Thomson effect can be formulated as:
Heat flow q is generated by the Peltier and Fourier pair effects and is defined as:
Whereas: "П" is the Peltier coefficient, "k" is the thermal conductivity, "σ" is the electrical conductivity, "S" is the Seebeck coefficient. The electric field can be obtained from the electric scalar potential "ϕ" as:
The related equations (1) and (2) are transformed into finite-element equations by approximation of primitive physical unknowns. Temperature "T" and electric potential "ϕ" into interpolation functions and values in a particular element node are defined as:
Whereas: T e is the nodal temperature vector, "ϕ e " is the nodal electric potential vector, "N" is the element shape function. After lengthy manipulations based on the Galerkin weighting scheme, differential equations become algebraic equations of finite elements:
The global matrix equation is assembled based on individual finite element equations [9] . The solution gives the values of Т е temperature and electric φ е potential at unlimited nodes, or reactions in the form of heat flux and, respectively electric current at nodes with superimposed temperature and electric potential.
DESCRIPTION OF NUMERICAL MODEL
Numerical simulation using the ANSYS Mechanical package of the finite element analysis can be divided into the following main stages: setting the physical properties of materials, building a geometric and grid model, and assigning the corresponding properties to different regions of the geometry, setting boundary conditions, numerical solution and analyzing the results [10] [11] [12] .
As they are viewed from the 'physical properties' angle and within the framework of this particular paper, the applied semiconductor elements are of the greatest interest. Their properties are shown in Table I .
The battery of a TEG ( Figure 1 ) includes numerous separate elements. Semiconductor elements are connected in series. The composition of the geometry includes 600 separate three-dimensional bodies in total. They could be divided into groups based on their purpose -namely -"n-type" semiconductor element "p-type" semiconductor element, ceramic cylinders, nickel switching from the hot side, copper switching from the cold side, sub-coupling layers, adhesive thermal interfaces, and textolite gaskets. Simulation of this kind of geometry -in its 'full formulation' and the finite element method applied -is an extremely resource-intensive task, requiring a significant amount of computational resources [13] [14] [15] [16] [17] . Considering this, we simulated only one pair of thermoelectric elements. From the initial geometry, one segment was isolated, which is the junction of two dissimilar semiconductor elements. The obtained "layered" geometry consists of 14 different elements, for which the corresponding temperature dependences of the physical properties were specified.
The computational domain was formed using a grid model consisting of 633,624 catches and 1,49600 elements. SOLID226, a three-dimensional twentynode hexagon-shaped element, was used as the main element in the construction. The binding of the grid models in this segment was performed by the direct connection of conformal nodes of the grid model (as opposed to the method, which presumes the use of contacts between its geometrical components) [18] [19] [20] [21] . The geometric and grid model of the element is shown in Figure 2 . The next step in our research was the modeling of the boundary conditions. During the initial simulation, the temperature of the surface of the steel pipe on the hot-contact side was set with a uniform distribution of a constant value equal to 300 ºС. With a similar condition, the temperature was assigned from the side of cold contact, but equal to 70 ºС. For the correct start of the thermoelectric analysis, due to the limitations of the software complex, it was necessary to set the electric potential, so on the outer contour of the steel pipe from the cold side, it was set to 0 V. The initial temperature in the calculated area was set to 22 ºС. The electrical circuit of the segment was closed by adding an external load to the system with different values of electrical resistance.
The load increased gradually, to achieve the established criteria for convergence in current strength and heat flux of 0.1 × 10-8 and 0.8861 × 10-3, respectively.
SIMULATION RESULTS
The purpose of the primary analysis was to study the element in order to determine the magnitude of the external load at which the efficiency would reach its maximum level. The results are presented in Table II .
The results obtained indicate that the efficiency of TEG significantly depends on the magnitude of the external load, therefore, when this parameter is being designed it should be treated with special care. The visualization of the fields of temperature and electrical voltage distribution for the maximum efficiency option is presented in Figure 3 .
With a load resistance of 0.0032 Ohms, TEG analysis was performed at various temperatures of cold and hot junctions. The ANSYS DesignXplorer module was used as a tool for analysis. Response Surface Optimization technology has the highest robust properties as the toolkit of this module. The essence of this approach can be shortly formulated as follows:  plan of a physical or numerical experiment is generated;  the experiment is conducted to obtain the values of the response function at points in the plan;  the multifactor response surface is constructed from the obtained points; response surface can then be used to calculate the values of the objective function at an arbitrary point in the factor space and to optimize it in order to find the extreme value of the objective function. An experiment plan set the following temperature ranges: hot contact temperature from 240 to 320 ° С, cold contact temperature from 40 to 100 ° С. The experiment plan was designed using the algorithm of optimal filling of the search space. A full quadratic polynomial was used as an approximation model.
The obtained dependences of the efficiency of a TEG battery segment on temperatures on a hot and cold surface are presented in Figure 4 .
An important condition for the optimal functioning of a TEG is to maintain a constant temperature at the cold and hot junction of semiconductor elements. However, due to changing environmental conditions, this task is much more complicated and requires the development of more productive thermal stabilization systems.
Nevertheless, there are temperature ranges at which the efficiency required in the technical specifications for the generator will be achieved, but from a technical point of view, heat exchange systems are more robust for these operating conditions. Using the response surface obtained for the thermoelectric element, we searched for 20 different possibilities to combine the boundary conditions under which the desired values of the efficiency of the thermoelectric generator segment are achieved. The results of our search are presented in Table III .
In addition to the temperature ranges study, we also carried out the analysis of changes in the characteristics of a thermoelectric element with different thermal conductivity properties of adhesive layers. They consist of four layers in the given sample. The previously considered version of the TEG battery segment was used as the base geometrical model. The following boundary conditions were used: hot surface temperature 300 ºС; cold surface temperature 70 ºС; zero potential on the edges of a metal pipe from a cold surface; external load resistance is 0.0032 Ohm. When planning an experiment for each adhesive layer, its thermal conductivity was set in the range from 0.1 to 2 W / (m • ° C).
The main controlled parameters were the heat fluxes on the cooled and heated surface of the element. Figures 5 and 6 show the dependences of the criteria on the input parameters constructed using response surfaces. 
CONCLUSION
The article used ANSYS Mechanical and ANSYS DesignXplorer commercial product for the numerical study of the effectiveness of a thermoelectric generator battery. A certain value of external load resistance was selected for each simulation variant, at which the efficiency of the thermoelectric module is maximum. The obtained results indicate that the efficiency of TEG significantly depends on the magnitude of the external load, therefore, when designing this parameter should be treated with special care. The provided search for temperature ranges under which a given efficiency of a thermoelectric generator makes it possible to determine the conditions under which the efficiency required in the technical specification for the generator will be achieved, but from a technical point of view, for these operating conditions, heat exchange systems are more robust. A database of necessary parameters for the functioning of the product under various operating conditions has been formed. The analysis of changes in the characteristics of a thermoelectric element with different properties of thermal conductivity of adhesive layers was performed. The resulting dependences of the heat flux on the heated and cooled surfaces on the thermal conductivity of adhesive layers for a specific TEG sample will provide an opportunity to estimate the deviation of the battery efficiency due to the heterogeneity of the adhesive composition.
